ABSTRACT
INTRODUCTION
RSP A1-Li a l l o y s containing 4-5 wt$ L i have s i g n i f i c a n t l y lower d e n s i t i e s and h i g h e r e l a s t i c moduli than commercial 2XXX, 7XXX, and ingot-metallurgical (I/M) A lLi a l l o y s . For i n s t a n c e , an RSP A1-4Li-l g-0.2Zr extrusion i s a s s t r o n g a s 7050-T76 Y (1 ) , but has 14% lower density (2.41 g/cm ) and 22% higher e l a s t i c modulus (86 GPa). D u c t i l i t i e s of A1-4Li a l l o y s i n peak-aged tempers a r e marginal (3-68) a s t h e r e s u l t of intense planar s l i p r e s u l t i n g from high 6' concentrations and high concentrations of oxide i n c l u s i o n s t r a c e a b l e t o t h e r e a c t i v i t y of t h e o r i g i n a l m e l t s and gasatomized powders (1 ) . Recent research on RSP A1-4Li a l l o y s a t MDRL has concentrated on compositional modifications and novel processing t o improve d u c t i l i t y , f a t i g u e and corrosion r e s i s t a n c e , and s u p e r p l a s t i c formability.
ALLOY DEVELOPMENT
The c o m p o s i t i o n Al-4Li-1Mg-0.2Zr was modified a s shown i n Table 1 . Germanium was added t o produce f i n e , insoluble p a r t i c l e s which d i s p e r s e p l a n a r s l i p ( 2 ) , and
s i l i c o n was e x p e c t e d . t o have a s i m i l a r e f f e c t . Cerium w a s expected t o g e t t e r t h e a l l o y m e l t and d i v e r t oxygen from A l -L i o x i d e i n c l u s i o n s .
L o w e r i n g t h e Z r c o n c e n t r a t i o n t o 0.03 w t % was intended t o produce a r e c r y s t a l l i z e d g r a i n s t r u c t u r e i n which high-angle g r a i n boundaries would a c t as s l i p b a r r i e r s . I n c r e a s i n g t h e Z r c o n c e n t r a t i o n t o 0 . 5 w t % promotes f o r m a t i o n of a' [ A 1 ( L i , Z r ) ] "compositen p r e c i p i t a t e s , which a r e more r e s i s t a n t t o d i s l o c a t i o n shear t a a n is 6' ( 3 ) .
Duct i l i t i e s of e x t r u s i o n s of t h e m o d i f i e d a l l o y s , produced by conventional powder-metallurgical processing (Figure l a ) , show s m a l l improvements r e l a t i v e t o t h a t of t h e b a s e l i n e a l l o y e x c e p t f o r Al-4Li-1Mg-0.5Ge-0.2Zr ( T a b l e 1 ) . The d u c t i l i t y improvement i n t h i s a l l o y probably r e s u l t s from p r e c i p i t a t i o n of f i n e . p u r e Ge p a r t i c l e s during aging, a s demonstrated by Cassada e t a l . ( 2 ) . This a l l o y a l s o c o n t a i n s AlLiGe, which d i v e r t s L i from 6 ' and l o w e r s t h e y i e l d s t r e s s . D e t a i l e d m i c r o s t r u c t u r a l examination i s required t o determine t h e Ge concentration a t which only t h e s l i p -d i s p e r s i n g p a r t i c l e s a r e p r e s e n t .
The Al-4Li-1Mg-0.03Zr a l l o y h a s s l i g h t l y i m p r o v e d d u c t i l i t y a t t h e expense of r e d u c e d H a l l -P e t c h strengthening a s a r e s u l t of r e c r y s t a l l i z a t i o n , and t h e o t h e r a l l o y s do n o t o f f e r improvements i n p r o p e r t i e s r e l a t i v e t o those of t h e baseline a l l o y . Atomized powders a r e exposed t o oxygen-bearing a t m o s p h e r e s and form t h i n o x i d e s k i n s , which appear a s numerous f i n e oxide p a r t i c l e s i n t h e f i n a l products. These p a r t i c l e s do not c o n t r i b u t e t o mechanical properties and may reduce d u c t i l i t y and t o u g h n e s s by promoting crack formation. Processes involving d i r e c t deposition of molten a l l o y d r o p l e t s on a s u b s t r a t e t o produce high-density p r e f o r m s a v o i d t h e s e problems and have t h u s a t t r a c t e d a t t e n t i o n r e c e n t l y . MDRL and t h e Massachusetts I n s t i t u t e of Technology (M.I.T.) have a p p l i e d one s u c h p r o c e s s , liquid-dynamic compaction (LDC), t o the a l l o y Al-4Li-1Cu-0.2Zr with t h e o b j e c t i v e of producing a clean product having a d u c t i l i t y and notch s e n s i t i v i t y s u p e r i o r t o those of powder-processed A1-4Li a l l o y s .
I n LDC, p a r t l y molten, u l t r a s o n i c a l l y -a t o m i z e d d r o p l e t s impinge on a c o o l e d s u b s t r a t e t o produce a 98-998 d e n s e compact which can be processed d i r e c t l y t o extrusion o r s h e e t (Figure l b ) . Since a t a n i z e d p a r t i c l e s impinge immediately o n t o t h e compact, t h e f r e e s u r f a c e a r e a and hence t h e oxygen concentration and i n c l u s i o n d e n s i t y i n t h e f i n a l product a e s u b s t a n t i a l l y r e q~c e d .~ The c o o l i n g r a t e o f 5 aluminum a l l o y s i n L D C i s -1 0 K/s, compared t o 10 -10 K / s f o r u l t r a s o n i c a l l y atomized powders ('I). ? h i s l i m i t a t i o n d o e s n o t s i g n i f i c a n t l y d e g r a d e t h e m i c r o s t r u c t u r e s of t h o s e a l l o y s t h a t do n o t p o s s e s s l a r g e c o n c e n t r a t i o n s of insoluble p a r t i c l e s . Further d e t a i l s of LDC a r e given i n reference ( 4 ) .
Liquid-dynamic compacts of Al-4Li-1Cu-0.2Zr were processed i n t o 0.20-cm (0.080-i n . ) t h i c k s h e e t s and a 1-cm ( 0 . 4 -i n . ) d i a m e t e r c y l i n d r i c a l e x t r u s i o n . The c o n v e n t i o n a l P/M e x t r u s i o n ( 1 ) 
and t h e LDC e x t r u s i o n have s i m i l a r d e n s i t i e s and compositions. The two types of extrusions have s i m i l a r c o n c e n t r a t i o n s of 6 ( A l L i ) and T 2 c o n s t i t u e n t p a r t i c l e s (Figure 2 ) , but t h e LDC extrusion i s y i r t u a l l y f r e e of t h e oxlde p a r t i c l e s which appear i n p r o f u s i o n i n t h e P/M e x t r u s i o n .
The oxygen c o n c e n t r a t i o n i n t h e LDC e x t r u s i o n is approximately 20 ppm compared with 600-1000 ppm i n t h e conventional extrusion, i n agreement with t h e observed microstructures.
The d u c t i l i t i e s and notch t e n s i l e s t r e s s / y i e l d s t r e s s r a t i o s of LDC s h e e t s i n both l o n g i t u d i n a l and transverse d i r e c t i o n s a r e superior t o t h o s e of s h e e t s r o l l e d
from t h e P/M extrusion ( Table 2) . Microstructural examination and t e x t u r e analyses of t h e s h e e t s show t h a t t h e lower y i e l d s t r e s s e s of t h e LDC s h e e t s a r e a s s o c i a t e d w i t h weaker t e x t u r e s and l a r g e r subgr a i n diameters which r e s u l t from the smaller degree of warm working required t o produce t h e LDC s h e e t s . The LDC e x t r u s i o n h a s a s t r o n g f i b e r t e x t u r e a n d h e n c e a h i g h e r l o n g i t u d i n a l s t r e n g t h t h a n t h e P/M e x t r u s i o n , w h i l e r e t a i n i n g s u p e r i o r n o t c h s e n s i t i v i t y owing t o i t s low oxygen c o n c e n t r a t i o n . The f r a c t u r e s u r f a c e of a notched LDC extrusion specimen shows a t o r t u r o u s f r a c t u r e s u r f a c e i n d i c a t i v e of high energy absorption ( F i g u r e 3 b ) , w h i l e t h e P/M e x t r u s i o n h a s a much f l a t t e r f r a c t u r e s u r f a c e i n d i c a t i v e of high notch s e n s i t i v i t y (Figure 3 a ) .
FATIGUE BEHAVIOR
The f a t i g u e behavior of l o n g i t u d i n a l (L) and transverse (TI specimens of peakaged Al-4Li-0.2Zr extrusions (1) w a s examined. Part of t h e aging treatment was done a f t e r machining t o help r e l i e v e r e s i d u a l s t r e s s e s , and a p p r o x i m a t e l y 500 um was removed from t h e d i a m e t e r of e a c h specimen by e l e c t r o p o l i s h i n g p r i o r t o t e s t i n g . F i g u r e 4 shows t h e S-N c u r v e s f o r L and T specimens. Crack i n i t i a t i o n i n L specimens always o c c u r r e d a t f o r e i g n p a r t i c l e s . A t longer l i f e t i m e s , t h e r e i s a g r e a t e r tendency f o r i n t e r n a l c r a c k n u c l e a t i o n .
A t r a n s i t i o n from x t e r n a l t o Fi i n t e r n a l n u c l e a t i o n a s f a t i g u e l i f e i n c r e a s e s has been found a t -10 cycles f o r s e v e r a l m a t e r i a l s (5-7) . Numerous l a r g e (50 pm) p 8 r t i c l e s i n extruded Al-4Li-0.2Zr e v i d e n t l y cause t h e t r a n s i t i o n t o occur a t 3 x 10 c y c l e s . Three d i s t i n c t types of cracks were observed: a "planew crack (Figure 5 a ) ; a " c h i s e l v c r a c k ( F i g u r e 5 b ) ;
and a "cone" c r a c k ( F i g u r e 5 c ) . No c o r r e l a t i o n was found between i n i t i a t i o n s i t e type and crack t y p e . A l l of t h e L-samples showed a n g l e s of 27-37O between t h e f a t i g u e crack and t h e s t r e s s a x i s .
The
a i l i n t h e threads. Apparently, t h i s m a t e r i a l i s extremely notch s e n s i t i v e i n t h e transverse d i r e c t i o n . An example of f a i l u r e i n a T-specimen i s given i n F i g u r e 5d. No f o r e i g n p a r t i c l e was found a t t h e nucleation s i t e . Propagation of these cracks was always i n t h e s h o r t transverse d i r e c t i o n .
A n a l y s e s of ( 1 11 ) , ( 2 0 0 1 , a n d ( 2 2 0 ) p o l e f i g u r e s o b t a i n e d by n e u t r o n
S t a g e I f a t i g u e c r a c k s i n a n i c k e l base superalloy ( 8 ) . These cracks propagate on ( 1 111 planes i n <110> d i r e c t i o n s , as did cracks i n T-samples of Al-4Li-0.2Zr.
The a n a l o g y between t h e s e two m a t e r i a l s i s a p p r o p r i a t e , s i n c e b o t h c o n s i s t of a n f c c matrix with a p r e c i p i t a t e d L1 phase. Additional evidence of t h e i n f l u e n c e of t h e L1 p h a s e o n f a t i g u e behavi%r i s p r o v i d e d by t h e extreme m a c r o s c o p i c d e v i a t i o n s ?ran
Mode I cracking i n L-direction specimens. These deviations, which a r e n o t n o r m a l l y found f o r aluminum a l l o y s t e s t e d i n a i r , a r e probably t h e r e s u l t of s t r o n g s l i p p l a n a r i t y .
CORROSION RESISTANCE C o r r o s i o n r e s i s t a n c e s i n 3.5% aqueous NaCl s o l u t i o n of Al-high Li a l l o y s containing Cu o r Mg a d d i t i o n s have been investigated. It has been shown ( 9 ) t h a t Li a d d i t i o n s t o A 1 a r e not detrimental t o corrosion behavior unless more than 10 vol$ of t h e r e a c t i v e phase 6 (AlLi) i s present. Otherwise, t h e c o r r o s i o n r e s i s t a n c e of Al-high Li a l l o y s i s equal o r superior t o t h a t of 7XXX a l l o y s i n c o r r o s i o n -r e s i s t a n t tempers. C o r r o s i o n r a t e s were measured i n 100-h w e i g h t -l o s s t e s t s . The f r e e c o r r o s i o n p o t e n t i a l , ECOrr, was measured a f t e r 72 h . Values of Ecor and t h e corrosion c u r r e n t I were obtained f o r both nitrogen-deaerated and n o n -J e a e r a t e d s o l u t i o n s . ~u r t h e r~a $ f a i l s of t h e corrosion t e s t s a r e i n r e f e r e n c e ( 9 ) .

Table 3 shows t h e r e s u l t s of t h e v a r i o u s t e s t s f o r a l l o y s h e a t t r e a t e d t o o p t i m i z e s t r e n g t h a n d d u c t i l i t y . Additions of M g have l i t t l e e f f e c t on corrosion behavior, but weight l o s s r a t e s i n c r e a s e d r a m a t i c a l l y when Cu i s added. T h i s i s p r o b a b l y r e l a t e d t o t h e r e l a t i v e l y noble values of E measured i n non-deaerated s o l u t i o n s .
Values of t h e breakdown p o t e n t i a l were appi%g';mately -0.78 t o -0.82 V, i n d e p e n d e n t of a l l o y , heat treatment, or deaeration. The only exceptions were t h e Cu-containing a l l o y s i n t h e non-deaerated s o l u t i o n , f o r which no breakdown p o t e n t i a l c o u l d be measured. I n t h i s case, Ecor , i s a t o r above t h e breakdown p o t e n t i a l , and t h e passivation region i s e f f e c t i v e l y erlmlnated.
SUPERPLASTIC FORMING
Net-shape processing techniques such as s u p e r p l a s t i c forming minimize usage of e x p e n s i v e m a t e r i a l s and hence a r e p a r t i c u l a r l y important t o RSP A1-4Li a l l o y s . The c o n d i t i o n s of s t r a i n r a t e and t e m p e r a t u r e under which RSP Al-4Li-0.2Zr c a n be s u p e r p l a s t i c a l l y formed have been determined a t MDRL i n b i a x i a l (cone-forming) t e s t s ( 1 0 ) . I n c r e m e n t a l -s t r a i n -r a t e (ISR) and c o n s t a n t -s t r a i n -r a t e (CSR) t e s t s were c o n d u c t e d o n 0 . 2 2 5 -t o 0.245-cm-thick s h e e t s a t 590°C under a superimposed h y d r o s t a t i c pressure of 2.1 t o 2.8 MPa t o suppress c a v i t a t i o n . R e s u l t s of ISR experiments (Table 4) show t h a t RSP A1-4Li-0.2Zr i s formable t o l a r g e s u p e r p l a s t i c s t r a i n s , while CSR t e s t s y i e l d e d modest s t r a i n s . The s t r a i nr a t e -s e n s i t i v i t y exponent m i s 0.33-0.36, t y p i c a l of Zr-containing A1-Li a l l o y s which have f ully-recovered s u b s t r u c t u r e s p r i o r t o thermomechani c a l p r o c e s s i n g of s u p e r p l a s t i c a l l y f o r m a b l e s h e e t s . Following a s u g g e s t i o n by Ghosh ( l l ) , two e x p e r i m e n t s were conducted a t a h i g h s t r a i n r a t e up t o E = 0.5, f o l l o w e d by r e l a x a t i o n t o a lower r a t e f o r t h e remainder of t h e t e s t . &is procedure prcmoted t h e continuous formation of favorably-oriented high-angle b o u n d a r i e s e a r l y i n t h e t e s t , and t h u s r e s u l t e d i n an improvement i n s t r a i n t o f a i l u r e r e l a t i v e t o t h a t of experiments conducted e n t i r e l y a t lower s t r a i n r a t e s .
o s t r u c t u r a l development d u r i n g f o r m i n g ( 1 1 ) shows t h a t f l o ws o f t e n i n g i s t h e r e s u l t of c o n t i n u o u s f o r m a t i o n of more n e a r l y equiaxed g r a i n s during t e s t i n g . The e f f e c t i v e n e s s of t h e i n i t i a l h i g h s t r a i n r a t e i n p r o d u c i n g a f a v o r a b l e m i c r o s t r u c t u r e f o r subsequent forming (experiment 6) is borne out by t h e lower f l o w s t r e s s i n t h e l a t t e r ( l o w -s t r a i n -r a t e ) p o r t i o n of t h i s e x p e r i m e n t r e l a t i v e t o t h a t of e x p e r i m e n t 4, which was conducted a t t h e lower s t r a i n r a t e throughout. Since c a v i t a t i o n was c o m p l e t e l y s u p p r e s s e d i n t h e s e t e s t s , d e n s i t y measurements of v a r i o u s s e c t i o n s of t h e cone were used t o e v a l u a t e L i l o s s by evaporation o r oxidation during forming. The maximum decrease i n L i c o n c e n t r a t i o n was from 4.0 t o 3.8 w t % , and i t is concluded t h a t l i t h i u m l o s s should not degrade t h e post-formed mechanical p r o p e r t i q oglAl-4Li a l l o y p a r t s s u p e r p l a s t i c a l l y formed a t o r above a s t r a i n r a t e of 6 x 10 s . 2. Simplified processing by liquid-dynamic compaction improves t h e d u c t i l i t y and n o t c h s e n g i t i v i t y of A1-4Li-1 Cu-O.2Zr e x t r u s i o n s and s h e e t by reducing t h e volume f r a c t i o n s of oxide dispersoids and inclusions.
3. A t r a n s i t i o n f r a n e x t e r n a l t o i n t e r n a l crack nucleation i s found for'L-specimens of peak-aged A1-4Li-0.2Zr a s f a t i g u e l i f e i n c r e a s e s . T h i s t r a n s i t i o n o c c u r s a t r e l a t i v e l y s h o r t l i f e t i m e s owing t o t h e high concentration of foreign p a r t i c l e s .
F a t i g u e b e h a v i o r i s a n i s o t r o p i c i n e x t r u d e d A1-4Li-0.2Zr.
S t a g e I c r a c k p r o p a g a t i o n is c o n t r o l l e d by shear s t r e s s e s i n L-specimens, and by t e n s i l e s t r e s s e s i n T-specimens. r e s i s t a n c e by r a i s i n g t h e f r e e c o r r o s i o n p o t e n t i a l t o t h e v a l u e of t h e breakdown p o t e n t i a l and eliminating t h e passivation region.
6. Al-4Li-0.2Zr i s s u p e r p l a s t i c a l l y formable a t 590°C without excessive lithium l o s s e s . Optimal SPF conditions involve i n i t i a l high forming r a t e s t o c o n t i n u o u s l y p r o d u c e f a v o r a b l y o r i e n t e d h i g h -a n g l e b o u n d a r i e s .
A p p l i c a t i o n of a s u i t a b l e h y d r o s t a t i c pressure completely suppresses c a v i t a t i o n . 
